Introduction
Long period gratings (LPGs) are in-fiber devices, which rely on coupling the light from the fundamental core mode of a single mode fiber to cladding modes, with the result that one or more attenuation bands are visible in the fiber transmission spectrum. These bands are positioned at the wavelengths λ res,i [1] , [2] , satisfying the phase-matching condition λ res,i = (n eff,co − n cl,i ) ·
where n eff,co and n cl,i are, respectively, the effective refractive index of the core and of the ith cladding mode, whereas is the grating spatial period. These devices were first introduced by Vengsarkar et al. in 1996 [1] , for application in optical communication systems. However, their work also highlighted the sensitivity of LPGs to temperature and strain induced effects, preparing the field for their use in sensing applications [3] . Since then, the interest in long period gratings has increased, and many papers are available on this topic [4] - [7] . Nowadays, LPGs find wide application mostly as refractive index sensors [8] , due to their sensitivity to the material surrounding the cladding in the grating region. Such response arises from the dependence of the resonance wavelengths on the effective refractive index of the cladding modes, as established by (1) , which in turn depends upon the refractive index of the surrounding environment. Thanks to their intrinsic sensitivity to surrounding refractive index (SRI) changes, long period gratings represent one of the most promising fiber grating technological platform to be employed in several chemical applications [9] , [10] , with the possibility to have sensitivities custom designed to specific parameters of interest [11] . Until now, great efforts have been done, and are still in progress, in order to enhance the performance of LPGs in single mode fibers (SMFs). In particular, several approaches have been proposed to achieve remarkable sensitivities, such as: cladding etching and coupling to higher order cladding modes, near their dispersion turning point [12] - [14] .
Another approach to achieve high sensitivities, involves the deposition of nano-scale high refractive index layer, thanks to the modal transition phenomenon [15] , [16] . For example, in [10] , a LPG was coated with syndiotactic polystyrene, to develop an high sensitivity chemical sensor. The device was able to detect chloroform subparts-per-million in water, even starting from a bare grating with refractive index sensitivity of about 5.1 nm/RIU (for LP 06 ). Similar grating was recently used in [17] to develop an high sensitive biosensor. Finally, the latest trends see the combination of all these effects, reaching record sensitivities of tens of micrometers [18] - [20] .
Long period gratings are fabricated by inducing a periodic perturbation along the optical fiber, by acting on the refractive index of silica and/or on the waveguide geometry. They distinguish as "long" because the length of their period is typically between 100 μm and 1 mm, being much greater than in fiber Bragg gratings (FBGs), where it is smaller than 1 μm [4] . From their first presentation, different techniques were applied for their fabrication, the most important being: UV radiation [1] [2], CO 2 lasers [21] , [22] , IR femtosecond lasers [23] , ion implantation [24] , mechanical microbends [25] , and electric arc discharge [26] - [28] .
The last technique, i.e., the Electric Arc Discharge (EAD), has experienced wide diffusion during the last years since it is a straight, flexible and economical step-by-step procedure. LPGs obtained via electric arc discharge were first presented by Dianov et al. [26] . From that work, the EAD technique has been widely investigated and review papers have been published by different researchers [29] , [30] . In this technique the perturbation is created, as its name suggests, by applying an electric arc to the fiber with a certain periodicity. The formation of the grating, in most cases it is attributed to fiber geometrical changes and to silica stress relaxation, caused by the high temperature generated during the arc discharge [28] , [31] . The effects of dopant diffusion and micro-deformations were also investigated in specific cases [27] , [28] , [32] , [33] . In addition, some papers also discussed on the conditions leading to symmetry or asymmetry of cladding modes involved in the coupling mechanism in arc-induced LPGs [34] , [35] . One of the most appealing feature of the electric arc discharge procedure is the intrinsic possibility to write gratings in all kind of optical fibers. In particular, there are evidences of successful fabrication in: boron co-doped fibers [36] , Ge-free fibers [37] , photonic crystal fibers [38] - [40] , and cladding-etched fibers [12] , [41] , [42] . Moreover, the authors have recently successfully proposed a pressure-assisted electric arc discharge technique, to fabricate long period gratings in hollow core fibers [43] - [45] and have applied the EAD techniqu to Fluorine-doped fibers [46] , [47] , which are important for applications in radiation environments [48] , [49] .
EAD-based techniques have also some limitations, the most important being the difficulty in the fabrication of LPGs with small spatial periods, i.e. a limitation in the maximum cladding mode order. This is the reason why in recent years great efforts have been done in such direction. In 2011, Smietana et al. reported on the fabrication of grating in SMF28 fiber with very low period, = 345 μm, as a fabrication limit of the EAD technique [50] . In 2016, the research group of Rego also investigated the realization of LPGs with period lower than 200 μm in SMF28 fiber, but with results still not satisfactory from the practical point of view; in fact, as the authors themselves declare, a weak grating was obtained even after 400 arc discharges, with a final length of the device greater than 78 mm [13] . Differently, gratings with lower period of 221 μm and 200 μm (with a grating length greater than 50 mm) were demonstrated in a boron co-doped fiber, which is more sensitive to the arc effect than standard fiber [50] , [51] .
In this work, we first report on the assessment of our electric arc based system for the fabrication of LPGs in standard SMF28 fiber with period close the technique limit, representing valuable candidates for the development of chemical sensors. Thanks to the optimization of the fabrication parameters, it was possible the fabrication of gratings suitable from the practical point of view, i.e. negligible power losses, bands with depth greater than 20 dB, grating length relatively low ranging in 20-35 mm (for the investigated devices), and with a full control of the period. However, so far, there have been no general systematic experimental investigations on the chemical sensitivity of LPGs as function of the fabrication parameters. Here, for the first time to the best of our knowledge, we report a wide experimental investigation on the dependence of the surrounding refractive index sensitivity of high order cladding modes on the grating period . The study allows deriving design criteria to maximize the SRI sensitivity of bare gratings.
Fabrication of LPGs by Electric Arc Discharge Technique
The operating principle of electric arc discharge technique involves that a certain length of optical fiber, being previously uncoated, is positioned between two electrodes. During the entire procedure, one end of the fiber is blocked on a remotely controlled precision translation stage, while the other end is kept under constant axial tension (the reason will be clear soon). In order to create the perturbation, the arc discharge is applied to a short portion of the uncoated fiber. During the process, the electrodes are supplied by an electric current of the order of mA and with duration of hundreds of milliseconds. The arc is repeated several times in order to induce a period perturbation, with the fiber axially displaced by the grating period (typically in the range 300-700 μm) between each arc, until the desired spectral features are reached [28] . The main effect of the arc discharge is twofold: i) a modification in the geometry of the optical fiber, i.e., a localized tapering of the transversal size of the core and cladding regions along the fiber and ii) a change in the silica refractive index, due to the stress relaxation induced by local hot spots [32] .
The core of our computer assisted step-by-step fabrication setup for LPGs is reported in Fig. 1(a) [46] . Arc discharges are provided by the electrodes of a commercial fusion splicer (model Sumitomo Type-39), properly modified to allow the full control of the discharge parameters, and operating in the open hood mode, in order to improve the alignment of the fiber between electrodes. The selection of the power and duration of the electrodes supply current, as well as the fiber tension, allows the control of the modulation strength and thus LPG spectral features. Typical values are the arc power in range of 1-15 step (proprietary unit) and duration of 200-900 ms. In this case, a constant force of about 118 mN was applied to the fiber by using a 12 g weight and a high precision pulley. Moreover, to overcome the limitation in the minimum fabrication period, we decided to introduce another parameter in the procedure, i.e. the electrodes gap. In particular, such distance was changed from the standard value of 2.0 mm to values in range 0.8-1.8 mm, in order to decrease the fiber region affected by the discharge. The setup is completed by a micro-stepper (with resolution better than 1.0 μm) to move the fiber. Finally, the grating transmission spectra were recorded with optical spectrum analyzer (OSA) Yokogawa AQ6370B, set to a resolution of 0.1 nm, while the illumination was provided by a broadband source (SLED in range 1100-1700 nm).
For the purpose of this work, several LPGs were written in standard SMF28e optical fiber supplied by OZ Optics Ltd (D core = 8.2 μm, D clad = 125 μm, MFD = 10.4 ± 0.8 μm @ 1550 nm, NA = 0.14). The period was selected in range 350-500 μm, in order to focus the attention on LP 05 and LP 06 attenuation bands in the wavelength range of 1100-1650 nm. The arc power was chosen in range 10-12 step and arc durations of 600-850 ms. The fabrication parameters were selected in order to compensate the ageing of the splicer electrodes and to keep the grating length lower than 35 mm in all cases. The spectra of six gratings are reported in Fig. 1(b) : i) LPG with = 350 μm. In the wavelength range of 1100-1650 nm, three attenuation bands are visible, centered at 1129.1 nm, 1195.5 nm, and 1323.1 nm, with depth of 3.6 dB, 9.8 dB, and 22.4 dB, respectively. From numerical simulations, we were able to associate these bands to the coupling between the fundamental core mode LP 01 and the cladding modes LP 05 , LP 06 , and LP 07 (more detailed evidence soon). ii) LPG with = 400 μm. In the spectrum, three attenuation bands are centered at 1244.2 nm, 1344.3 nm, and 1604.1 nm, with depth of 8.4 dB, 9.0 dB, and 25.4 dB, respectively. Also in this case, these bands are associated to LP 05 , LP 06 , and LP 07 , respectively. iii) LPG with = 430 μm. Three attenuation bands are visible, centered at 1234.0 nm, 1302.6 nm, and 1437.1 nm, with depth of 8.7 dB, 12.3 dB, and 29.1 dB, respectively. In this case and for the following gratings, unless explicitly indicated, the bands are associated to the cladding modes LP 04 , LP 05 , and LP 06 . iv) LPG with = 450 μm. In the range reported, three attenuation bands are visible, centered at 1278.3 nm, 1350.5 nm, and 1507.6 nm, with depth of 5.4 dB, 11.5 dB, and 28.5 dB, respectively. v) LPG with = 475 μm. In its spectrum, three attenuation bands are centered at 1318.0 nm, 1410.2 nm, and 1603.9 nm, with depth of 5.6 dB, 9.8 dB, and 28.0 dB, respectively. vi) LPG with = 500 μm. For this grating, the LP 04 and LP 05 bands are positioned at 1344.0 nm and 1447.2 nm, with depth of 15.4 dB and 29.1 dB, respectively. According to theory, attenuation bands exhibit red shifts with period increasing, justifying the necessity of smaller periods in order to excite higher order cladding modes [2] , [4] . As briefly anticipated, in order to support the fabrication phase and to validate the experimental results, a numerical model for the simulation of LPGs' spectra based on the coupled-mode theory was also developed [15] , [52] .
The model fitting parameters for our fabrication process were identified, and an outcome is illustrated in Fig. 1(c) , reporting i) as solid lines, the phase-matching curves, illustrating the resonance wavelengths of cladding modes LP 02 −LP 07 versus grating period and ii) as markers, the experimental values for the LPGs reported in Fig. 1(b) . As one can observe, a good agreement between experimental and numerical values was achieved, confirming the repeatability performances of our technique and allowing us the identification of the modes involved into coupling.
LPGs Characterization to Surrounding Refractive Index Changes
The SRI sensitivity is one of the most important feature of LPGs, in order to fabricate opto-chemical sensors. On this line of argument, after the fabrication process we investigated the sensitivity of LPGs reported in Fig. 1(b) to surrounding refractive index changes, by placing them in liquids with known RI in range 1.33-1.40. The RI of the aqueous solutions was measured with Abbe refractometer and, in addition, all the gratings were kept in the same strain state during the characterization process. Fig. 2 (a) and (b) report the wavelength shifts for LP 05 and LP 06 bands, respectively, concerning the LPG with = 475 μm, whose spectrum is reported in Figure 1(b) . According to the theoretical LPG behavior, attenuation bands exhibit a blue shift with SRI increasing, with the magnitude of the shift increasing with the mode order [4] , [8] . In particular, the LPG considered has a maximum wavelength shift, for LP 05 and LP 06 bands, respectively, of −1.5 nm and −4.1 nm, for a SRI change in the range 1-1.33, whereas in the SRI range 1-1.40 the maximum shift is −3.1 nm and −10.4 nm, for the same bands. Similar considerations hold for the other gratings, which are not reported here for brevity.
Once that all the gratings were characterized, the attention was focused on the analysis of the resonant wavelength shifts, to determine how the SRI sensitivity characteristics are influenced by the grating period.
To this aim, an analytical form was chosen to model the wavelength shift related to changes in surrounding refractive index. Each resonance wavelength λ res,i associated with the cladding mode LP 0i can be expressed as
where a i , b i , and λ res0,i are the fitting parameters, with the latter corresponding to the resonance wavelength value in air. These parameters depend on the cladding mode and the grating period, and their values are reported in Table 1 for LPGs under investigation. The expression of (2) was chosen in light of its simplicity and accuracy. To evaluate the latter, the fitting curves (as solid lines) were also reported, together with experimental data (markers), in Fig. 2(a) and (b). The agreement is very strict, moreover the fitting was tested with different cladding modes and many different gratings. In particular, an average coefficient of determination R 2 = 0.997 was obtained for the LPGs considered in this work.
By using (2), it was possible to focus the attention on the dependence of the resonant wavelengths shifts over the grating period . The modules of wavelength shifts related to LP 05 and LP 06 cladding modes are plotted, as color maps, versus the grating pitch and SRI in Fig.  3(a) and (b) , respectively. About period, the discrete data points (related to gratings plotted in Fig. 1(b) ) were interpolated with cubic spline method in order to obtain a denser interval. Concerning LP 06 , the analysis was conducted up to = 475 μm, since for slightly higher periods, the band becomes no more visible in the wavelength range under investigation.
As expected from the theory, the color maps report that the wavelength shift increases with SRI and with mode order. Most important, it is also evident that focusing on a cladding mode, the shift increases with period. For LP 05 , we calculated that wavelength shift (absolute value) passes from 
Analysis of the LPGs' Sensitivity to Surrounding Refractive Index
Once that the wavelength shift curves were modelled, it was possible to retrieve an analytical form for the SRI sensitivity. By applying the derivative, respect to SRI, to the resonance wavelengths, the SRI sensitivity can be expressed as
From this expression it is also possible to highlight the relationship between the SRI sensitivity in air S 0 and the fitting parameters a i , b i , λ res0,i . Fig. 2(c) illustrates the sensitivity characteristics (absolute value) of LP 05 and LP 06 cladding modes, respectively, for the LPG with = 475 μm, obtained by using (3). In the same figure, for comparison we have reported the experimental values as markers. In particular, the estimate of the experimental sensitivity was obtained by calculating the central differences of raw data for resonance wavelengths shifts. As one can observe, good agreement was found demonstrating the suitability of the analytical form used to model both the SRI wavelength shift and sensitivity in long period gratings.
As evident, the SRI sensitivity increases with mode order and with SRI (maximum is reached for SRI values approaching the cladding RI) [4] , [8] . Moreover, the achieved sensitivity values are similar (or slightly higher) with values of the bare gratings published in [10] , [17] and successfully applied for chemical-and bio-sensors.
Hence, by following the same approach used in the case of wavelength shifts, it was possible to focus the attention on the dependence of the SRI sensitivity over the grating period . Hence, Fig.  4 (a) and (b) plot color maps of the SRI sensitivities versus grating pitch and SRI for the resonances related to LP 05 and LP 06 modes, respectively.
As illustrated, the sensitivity increases with mode order and with SRI. Moreover, focusing the attention on a cladding mode, the sensitivity increases also with period, as expected from (1) . For LP 05 the absolute SRI sensitivity passes from 1.6 to 16.6 nm/RIU for a change in the period from 350 μm to 500 μm and with SRI = 1.33, i.e., a sensitivity enhancement factor of 10.4. This value is bigger with higher SRI, in fact in the same condition the sensitivity enhancement is 11.4 for SRI = 1.40, with sensitivity passing from 5.2 to 59.2 nm/RIU. Considering LP 06 , we calculated that SRI sensitivity passes from 8.9 to 42.8 nm/RIU for a change in the period from 350 μm to 475 μm and with SRI = 1.33, i.e. a sensitivity enhancement factor of 4.8. This value becomes bigger as SRI increases, e.g. in the same condition the enhancement is 7.3 for SRI = 1.40, with sensitivity growing from 47.7 to 186.3 nm/RIU.
Hence, it was found that the SRI sensitivity is a monotonically increasing function of the grating period with superlinear behavior. It is important to highlight that the behavior illustrated here, concerning the cladding modes LP 05 and LP 06 , holds in similar manner for the other cladding modes, as well as the slope of their phase-matching curve is positive (i.e., before their dispersion turning point). We believe that this analysis represents a useful tool for design of LPGs aimed to chemical/biochemical sensing applications.
Conclusion
In this work, we have presented the assessment of our electric arc discharge based technique in order to fabricate long period gratings for chemical sensing applications, due to their appealing spectral features (e.g. negligible power losses, bands depth greater than 20 dB, and total length smaller than 35 mm) and with low period to excite high order cladding modes.
For the purpose of the work, several LPGs were fabricated with a period selected in range 350-500 μm to focus the attention on the same cladding modes (LP 05 and LP 06 ). Then, an experimental analysis was conducted, concerning the sensitivity characteristics to surrounding refractive index changes, in order to understand the influence of the period. Such work represents a useful tool for the design of LPG with high SRI sensitivity. The enhancement in the SRI sensitivity, by acting on grating period, was shown as color map versus period and SRI. Considering LP 06 and SRI = 1.33, the sensitivity is increased almost five times by passing from a period of 350 μm to a period of 475 μm. However, the enhancement is more than seven for SRI = 1.40. Besides, for LP 05 , if the wider range of 350-500 μm is considered, increases in sensitivities of one order of magnitude can be also achieved.
